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Experimental studies [1,2] have shown that changing components of 
an ultrasonic inspection system can greatly affect the amplitude of the 
echo response from a defect even when conventional calibration proce-
dures [3] are employed. This reduces the reliability of defect detec-
tion and sometimes (depending on the sizing method used) defect sizing. 
Mathematical models have been developed at PNL for the entire 
ultrasonic inspection system including the pulser, piezoelectric 
element, receiver, shoe, and inspection sample. The ultrasonic 
inspection system model will be used to : 1) perform a more rigorous 
analysis of equipment interaction than would be possible in experi-
mental studies, and 2) provide a technical basis for current standards 
[4] for equipment operating tolerances which are presently based on 
engineering judgement. The model for the electrical equipment have 
been described previously [5], so this paperwill focus on the model 
for the acoustical portion of the inspection system. 
RAY TRACING MODEL DESCRIPTION 
A two-dimensional, elastodynamic-physical-optics (EPO) model is 
used to calculate the transfer function (i.e., frequency domain 
response) of the acoustical portion of the inspection system as shown 
in Fig. 1. The transfer function is calculated by calculating the 
single frequency amplitude and phase response over a range of frequen-
cies. Several simplifying assumptions are made. 
• The face of the sending piezoelectric element is assumed to move 
as a rigid piston. Actually, piezoelectric elements tend to dis-
place more in the center than along the edges, and there are local 
variations in the piezoelectric material; but the rigid piston 
assumption seems acceptable since excellent agreementwas found 
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Fig. 1. Generalized ultrasonic inspection system 
between calculated beam patterns and those measured from commer-
cially available piezoelectric elements. 
• The ultrasonic couplant is assumed to produce no significant 
reverberation or attenuation. This assumption is justified when 
the surfaces to be coupled are smooth and match contours within a 
small fraction of a wavelength and when common fluid couplants (e.g., water, light oil, and ultrasonic gelatin) are used. 
• The acoustic media is assumed homogeneaus and isotropic. 
• The defect is assumed to be a smooth, flat, semi-infinite strip 
with traction-free faces. This idealized flaw may be thought of 
as representing a fatigue crack. 
• As a first approximation, the face of the receiving piezoelectric 
element is assumed to be locally reactive. 
• EPO theory is a high-frequency approximation that is considered 
valid for defect sizes greater than a few wavelengths. EPO theory 
does not take into account diffraction and surface-wave mode con-
version effects. A more detailed discussion of the validity of 
the EPO theory is given by Chapman [6]. 
The model combines ray tracing and the principal of superposition 
in the following algorithm. The calculations are coded in FORTRAN 77 
and performed on a VAX 11/780 computer. 
(1) 
(2) 
The sound path of interest (e.g., a traverse wave incident on the 
defect with mode conversion to a longitudinal wave) is specified. 
The surface of the sending piezoelectric element (represented in 
the 2-D model as a line) is divided into small segments. 
(3) A fan of rays from the center of a segment is considered. The 
initial amplitude of a ray is arbitrarily taken to be 1.0. Based 
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on the initial angle of a ray, the initial amplitude and phase of 
the ray is modified by the function given by Millerand Pursey [7] 
or Roderick [8] for the directivity of a surface-normal point-
force source. A ray is traced as it travels through the shoe, 
refracts into the sample, reflects within the sample, refracts 
into the receiving shoe, and intersects the receiving piezoelec-
tric element face according to the path specified in step (1). 
The reflection coefficients are taken from Graff [9], and the 
refraction coefficients are from Kuhn and Lutsch [10]. By 
reciprocity, the Miller and Pursey function is applied to a ray at 
the receiving piezoelectric element face. During its journey, the 
amplitude of a ray is decreased by a factor of 1/Jr in accordance 
with cylindrical spreading (2-D model); and when mode conversion 
occurs, the radius of curvature is correspondingly modified. The 
phase of a ray corresponding to each of the discrete frequencies 
of interest is calculated based on the distance traveled and the 
phase of the ~efraction and reflection coefficients. The end 
result of this step is the pressure (amplitude and phase) in the 
fluid couplant between the receiving piezoelectric element and its 
shoe due to a single sending piezoelectric element segment. This 
pressure 1s known at the irregularly spaced locations produced by 
the intersection of the fan of rays with the surface. 
(4) Linear interpolation is used to estimate the single-element pres-
sure field along the receiving piezoelectric element face at regu-
lar intervals. 
(5) Steps (3) and (4) are repeated for all of the sending piezoelec-
tric element segments, and by Superposition, the results are added 
vectorially to obtain the pressure field acting on the receiving 
piezoelectric element. 
(6) The pressure field is integrated numerically over the piezoelec-
tric element face to obtain the acoustical system input to the 
piezoelectric element which has been assumed tobe locally reac-
tive. The result 1s the acoustical system response (amplitude and 
phase versus frequency) associated with the specified sound path. 
(7) Steps (1) through (6) are repeated for all reasonable sound paths , 
and the responses are added vectorially to obtain the transfer 
function for the acoustical system. The temporal response can be 
found by convolving the system transfer function with the input 
waveform frequency spectrum and takin~ the inverse Fourier trans-
form as was done by Chapman and Toft L11] 
By dividi ng the piezoelectric element face into elements and 
adding the responses of all of the elements by superposition, the need 
to specify the piezoelectric element beam pattern has been eliminated. 
MODEL VALIDATION 
Model predictions were compared with experimental measurements to 
establish the validity of the model for specular reflection from 
smooth, flat, traction-free defects. Two types of experiments were 
performed: 1) single- frequency beam-pattern measurements and 2) ultra-
sonie spectroscopy measurements. 
The single-frequency beam-pattern measurements consisted of 90°-
corner, pulse-echo measurements; through-transmission, pitch-catch mea-
surements; and tandem search unit configuration measurements. Figure 2 
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Fig. 2. 90° corner reflection rneasurernent for 20-rnrn-thick steel 
at 5 MHZ 
shows the results of a cornparison for a 90°-corner rneasurernent. The 
echo arnplitude frorn a 13-rnrn diarneter, 5-MHz, 45°-SV (vertically polar-
ized shear) search unit (piezoelectric elernent plus shoe) used in a 
pulse-echo configuration is plotted as a function of distance frorn the 
corner. Agreement between the rnodel and experirnent is excellent. 
Sirnilar cornparisons were rnade for 45° longitudinal-wave, through-trans-
rnission at 1 MHz and tandern search unit scans of srnooth strip flaws at 
2.25 MHz; and again, the agreernent between theory and experirnent was 
excellent. Cornparisons for tandern search unit scans of circular-shaped 
flaws (flat-bottorned holes) showed poor agreernent between theory and 
experirnent. The lack of agreernent for circular flaws is not surprising 
given that the rnodel is two-dirnensional. It is concluded that the 
rnodel is valid for single-frequency specular reflection frorn srnooth 
strip flaws. The rnodel is not valid for circular-shaped flaws. 
A set of experirnents was perforrned to test the validity of the 
rnodel for predicting the frequency dependence of the specular reflec-
tion frorn a srnooth flat flaw. As shown in Fig. 3, a 45°-SV, broad-
band, pulse-echo-configuration search unit was used in a study of 
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Fig. 3. Configuration used for transfer function versus angle study 
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Fig. 4. Specular reflection transfer function for 42° aluminum block 
specular reflection from the ends of aluminum blocks with end angles of 
40° through 49°. A personal-computer-based ultrasonic-spectroscopy 
system adapted from the ultrasonic field measurement system of Good et 
al. [12] was used to trigger the square-wave pulser and to record the 
echo response. In Fig. 4, measured and calculated transfer functions 
for the 42° block end are plotted. The level of agreement between 
theory and experiment shown is typical of that found at the other 
angles. Both of the curves were normalized by dividing by the transfer 
function of a 45° block end (the transfer function of a 45° block end 
is essentially a flat line). The range of validity of the experimental 
data is 700 kHz to 6 MHz as limited by the bandwidth of the electronic 
equipment (primarily the search unit). The model does a good job of 
predicting the shape of transfer function, and the quantitative 
agreement is generally good. The differences between the theory and 
the measurements are most likely due to 1) small differences in beam 
angle between the modeled system and the actual system, coupled with 
the relatively large transfer function changesthat occur with a 1° 
angle change; 2) the model assumption of a locally reactive receiving 
piezoelectric element; and 3) the sensitivity of the system to opera-
tional parametersnot accounted for in the model, like couplant viscos-
ity and search unit skew. The conclusion is that for smooth, flat 
strip flaws, the model is able to predict transfer functions associated 
with specular reflection with acceptable accuracy. 
MODEL RESULTS 
The ray tracing model was used to calculate transfer functions for 
the acoustical portion of the typical ultrasonic inservice inspection 
system shown in Fig. 5. In this study, only three variables were 
investigated; namely, search unit position, defect size, and defect 
angle. In each case, the curve has been normalized by dividing by the 
calculated signal frequency amplitude (2.25 MHz) for a 10% through-wall 
vertica 1 (angle in Fi g. 5 of 90°) notch. Un 1 ess stated otherwi se, the 
search unit may be assumed to be at the maximum response location. 
Figure 6 presents calculated transfer functions for vertical 
defects of various sizes. A curve representing the transfer function 
of typical electrical equipment (pulser, piezoelectric element, receiv-
er) is also shown for illustrative purposes. For this case (smooth, 
flat, vertical strip flaws), the amplitude is not strongly frequency 
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Fig. 6. Frequency response for 
vertical flaws of 
various lengths 
dependent and is directly proportional to flaw size. The total inspec-
tion system response (i.e., the displayed echo amplitude) is a result 
of the convolution (vector multiplicatfon) of the equipment transfer 
function and the flaw transfer function; thus, reasonable (e .g., s25%) 
changes in equipment bandwidth and center frequency would have almost 
no effect on the normalized specular-reflection echo amplitude . Simi-
lar results were found for 135° flaws. Note that the transfer function 
of the equipment system may be more sensitive to some equipment changes 
than others; e.g., if all the equipment is very broadband except the 
search unit which is narrow band, then the equipment system transfer 
function will be very sensitive to search unit bandwidth changes but 
relatively insensitive to receiver bandwidth changes. 
Not all flaw transfer functions are flat like those for the ver-
tical flaws considered above. Figure 7 shows transfer functions for 
different sizes of flaws oriented at 85°. The transfer functions for 
the larger flaws decline rapidly with increasing frequency and display 
minima near typical inspection frequencies such as 2.25 MHz. In sharp 
cantrast to the case of vertical flaws, the calibrated echo amplitude 
from the larger 85° flaws would change significantly with changes in 
equipment bandwidth and center frequency. Thus, the model provides an 
explanation for the previously unexplained variation in echo amplitude 
with equipment changes found in reference [1] . The model predictions 
for the 85° flaws also show no obvious relationship between flaw size 
and specular reflection amplitude. 
Search unit position also effects the flaw transfer function as 
shown in Fig. 8. The maximum amplitude search unit position in this 
case is 52 mm. As the search unit position deviates from 52 mm, the 
transfer function slope becomes more negative and minima develop, mak-
ing the calibrated echo amplitudemoresensitive to equipment changes. 
The main point to be made here is that defect sizing methods that rely 
on echo amplitude as a function of search unit position are also sensi-
tive to inspection equipment changes. 
In summary, the model predicts that in general the transfer fun c-
tions for flat, smooth strip flaws are complicated functions of fre-
quency. The transfer function may have minima which in many cases are 
located near typical inspection frequencies causing the calibrated echo 
amplitude to be very sensitive to inspection equipment bandwidt h and 
center frequency. The shape of the transfer function and the positions 
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of the minima are due to defect size, defect orientation, search unit 
position, and search unit size. 
OBSERVATION 
It would be of great benefit to eliminate the transfer function 
minima, as this would greatly decrease the sensitivity to equipment 
operating parameters such as bandwidth and center frequency. Removing 
the minima might also make possible simple relationships between flaw 
size and signal amplitude, thus adding additional information for flaw 
sizing. Presently, echo amplitude does not provide useful sizing 
information. 
Frequency, MHz 
Fig. 7. Frequency response of 
various sizes of 85° 
flaws 
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Fig. 8. Frequency responses for 
1-mm, vertical flaws for 
various probe positions 
An investigation was made to find out why the predicted flaw 
transfer functions have minima. It was found that the minima occur due 
to phase differences in the sound incident on the receiving piezoelec-
tric element. In other words, a response minimum occurs when the re-
turning wavefront is not parallel to the piezoelectric element face so 
that half the face is in tension and half in compression. 
The ideal solution is to use a phase-insensitive receiving piezo-
electric element such as a miniature hydrophone receiver, zinc oxide, 
or cadmium sulphide devices. Such devices unfortunately are not, in 
general, commercially available. At PNL, an L-wave miereprobe devel-
oped in our laboratory is used as a phase-insensitive piezoelectric 
element [12]. The practical solution for most users is to use dual 
element and tandem configuration search units with a rece1v1ng piezo-
electric element that is as small as practical given the necessary 
cable lengths and receiver input impedance. 
The argument given above for using a small receiving piezoelectric 
element does not carry over to the sending piezoelectric element. 
Factars such as the length of the near field and the desired volume of 
insonification should dictate the size of the sending piezoelectric 
e 1 ement. 
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SUMMARY ANO CONCLUSIONS 
• A two-dimensional elastodynamic-physical-optics (EPO) model for 
calculating the transfer function of the acoustical .por~ion of an 
ultrasonic inspection system has been proven effect1ve 1n evalu-
ating system performance through comparisons with single-
frequency, beam-pattern measurements and ultrasonic spectroscopy 
measurements. 
• The model predicts that, except for certain cases, the transfer 
functions for flat, ·smooth flaws are complicated functions of fre-
quency. The transfer function may have minima which in many cases 
are located near typical inspection frequenties causing the echo 
amplitudetobe sensitive to inspection equipment bandwidth and 
center frequency, thus reducing inspection reliability. 
• It is suggested that the receiving piezoelectric element for dual 
element search units and tandem configuration search units be made 
as small as practical to reduce the sensitivity to equipment 
changes. 
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